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Summary
The polypyrimidine tract binding protein (PTB) is an
RNAbindingprotein thatnormally functionsasaregula-
tor of alternative splicing but can also be recruited to
stimulate translation initiation by certain picornavi-
ruses.High-resolutionstructuresof the fourRNArecog-
nitionmotifs (RRMs) that make up PTB have previously
been determined by NMR. Here, we have used small-
angle X-ray scattering to determine the low-resolution
structure of the entire protein. Scattering patterns
from full-length PTB and deletion mutants containing
all possible sequential combinations of the RRMs
were collected. All constructs were found to be mono-
meric insolution.Ab initio analysisand rigid-bodymod-
eling utilizing the high-resolution models of the RRMs
yielded a consistent low-resolutionmodel of the spatial
organization of domains in PTB. Domains 3 and 4 were
found tobe in close contact,whereasdomains2 andes-
pecially 1had loosecontactswith the restof theprotein.
Introduction
The polypyrimidine tract binding protein (PTB) is a multi-
domain RNA binding protein that functions primarily as
a regulator of alternative splicing for an increasing num-
ber of genes (Amir-Ahmady et al., 2005; Izquierdo et al.,
2005; Sharma et al., 2005; and references therein). The
*Correspondence: svergun@embl-hamburg.de (D.I.S.); s.curry@
imperial.ac.uk (S.C.)protein is also reported to regulate mRNA localization
(Czaplinski and Mattaj, 2005; Knoch et al., 2004) and
stability (Cote et al., 1999) and is recruited by viral and
cellular internal ribosome entry site (IRES) RNAs to stim-
ulate translation initiation (Hellen et al., 1993; Kaminski
et al., 1995; Mitchell et al., 2005; Pickering et al., 2003;
Pilipenko et al., 2001). How PTB affects RNA metabolism
in such a wide range of functional contexts is still not well
understood; though in each case, the ability to bind di-
rectly to RNA is evidently crucial. Typical PTB binding
targets consist of long RNA segments that are punctu-
ated by multiple short pyrimidine rich motifs (e.g.,
UCUU, CUCUCU) (Chan and Black, 1997; Kolupaeva
et al., 1996; Pe´rez et al., 1997; Pilipenko et al., 2001).
PTB has a molecular mass (MM) of 57 kDa and con-
tains four RNA binding domains of the RNA recognition
motif (RRM) type connected by long polypeptide linkers
(20–60 amino acids). These small domains (w11 kDa)
typically contain a four-strand b sheet backed by two
helices. To date, structural studies of PTB have primarily
involved NMR analyses of protein fragments since the
inherent flexibility of the protein has precluded crystalli-
zation. We have previously solved the solution structures
of all four RRM domains of human PTB1 (Conte et al.,
2000; Simpson et al., 2004). This showed that although
RRMs 1 and 4 have canonical structures for this type
of domain, RRM2 and RRM3 have extended b sheet
RNA binding surfaces containing five rather than four
b strands. Although all four RRM domains of the protein
were originally believed to tumble independently in solu-
tion, more recent NMR studies have detected a stable
interaction between RRMs 3 and 4 (Oberstrass et al.,
2005; Vitali et al., 2005).
Initial reports that PTB forms a homodimer in solution
have proved to be unfounded, and recent work has
established that the protein is monomeric in solution
(Amir-Ahmady et al., 2005; Monie et al., 2005; Simpson
et al., 2004), although it may multimerize on interaction
with RNA or other proteins. Moreover, it has recently
been determined that all four RRM domains of the
protein are capable of specific interactions with RNA
(Oberstrass et al., 2005; Simpson et al., 2004).
The modular structure of PTB emerging from these
studies would seem to be well adapted to bridge be-
tween pyrimidine-rich motifs that may be widely sepa-
rated in the primary RNA sequence of intron or IRES
RNA. However, to further advance the understanding of
how the whole protein interacts with its target RNAs, it
is necessary to know the structural organization of full-
length PTB. Given the difficulties with crystallization
and with the NMR analysis of a protein of 58 kDa,
small-angle X-ray scattering (SAXS) was employed to es-
tablish the conformation of PTB in solution. SAXS allows
the study of low-resolution structure of native particles in
solution under nearly physiological conditions (Feigin
and Svergun, 1987). New methods of data analysis that
have been developed recently (Petoukhov and Svergun,
2005; Svergun and Koch, 2002; Svergun and Koch, 2003)
have significantly improved the resolution and reliability
of the models that can be constructed from the
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for the analysis of the solution scattering from full-length
PTB and a series of deletion mutants containing different
combinations of PTB RRMs. The scattering patterns
from full-length PTB and the fragments PTB-1234,
PTB-123, PTB-234, PTB-12, PTB-23, and PTB-34 (where
the numbers indicate which RRMs are present [Simpson
et al., 2004]) were analyzed by ab initio and rigid-body
modeling methods utilizing the high-resolution structural
models of the individual RRMs. The two modeling ap-
proaches yielded consistent results, allowing reliable
positioning of the individual RRMs in the full length
PTB and construction of a low-resolution model of the
spatial organization of its domains in solution.
Results
Overall Parameters
The experimental scattering patterns of the deletion mu-
tants and full-length PTB are presented in Figure 1A, and
the structural parameters computed from these datasets
are given in Table 1. The estimated MM values and hy-
drated particle volumes of all the solutes in Table 1 agree
well with those predicted from the sequences, indicating
that all the samples studied are monomeric in solution.
The comparison of radii of gyration Rg and maximum
diameters Dmax for the different constructs points to
an approximately linear arrangement of domains, such
that longer constructs are formed by sequentially
attaching domains to the extremities of shorter con-
structs. Furthermore, it suggests that the PTB-34 con-
struct is much more compact than the PTB-12 and
PTB-23 constructs, confirming recent observations of
close contact between the third and the fourth RRM
domains (Oberstrass et al., 2005; Vitali et al., 2005).
Distance Distribution Functions
The distance distributions p(r) of all the constructs com-
puted from the experimental data by the program GNOM
(Svergun, 1992) are given in Figure 1B. These functions
are similar up to intraparticle distances of 2 nm but
display different profiles at larger distances. The only
bell-like p(r) of PTB-34 construct (shown in green) is typ-
ical for globular particles (Feigin and Svergun, 1987)
pointing to a compact shape of the construct. The other
p(r)’s have skewed profiles characteristic for elongated
particles, and the first maximum in the p(r) function at
about 2–3 nm does not significantly differ for different
constructs, further confirming the close to linear distri-
bution of domains. The p(r) functions from constructs
including RRM1 are longer than the others, and they
display a second maximum at distances about 5–6 nm,
which is systematically shifted toward larger r values
for larger constructs. These data suggest a dumbbell
shape of PTB-12, whereby the position of this second
maximum corresponds to the distance between RRM1
and the overall center of other domains in each con-
struct. Interestingly, the PTB-23 construct (blue curve
in Figure 1B) displays a less skewed shape but a signifi-
cantly larger maximum size than PTB-34. This indicates
that although RRM2 and RRM3 do not appear to be in di-
rect contact, the volume between them should be filled
by a rather compact conformation of the linker. Taken
together, the data suggest that PTB is an elongated par-ticle with a nearly linear arrangement of the domains,
RRM3 and RRM4 are in tight contact, RRM2 and RRM3
probably have no direct contact, but the linker fills the in-
terdomain space in a relatively globular fashion, while
RRM1 is loosely bound to the rest of the protein.
Ab Initio Modeling
The ab initio model of PTB that highlights the individual
domains was generated by the multiphasebeadmodeling
Figure 1. Scattering Profiles and Distance Distribution Functions of
PTB Constructs
(A) Scattering data of the full-length PTB and its partial constructs.
Dots with error bars denote the experimental scattering data; the
fits obtained by BUNCH are displayed as solid lines. The plot
displays the logarithm of the scattering intensity as a function of
momentum transfer s = 4p sin(q)/l, where 2q is the scattering angle
and l = 0.15 nm is the X-ray wavelength. The curves are arbitrarily
displaced along the logarithmic axis for better visualization.
(B) P(r) functions computed from the experimental X-ray scattering
patterns using the program GNOM. The functions are presented in
arbitrary units; color scheme is the same as used for the fits in (A).
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Sample Rg, nm Dmax, nm Vp, nm
3 MMexp MMmon, kDa cS cRB cNMR
PTB-full 4.4 6 0.2 16.5 6 1 100 6 10 62 6 7 58 — 1.16 1.08
PTB-1234 4.2 6 0.2 15.0 6 1 90 6 10 54 6 7 53 1.12 1.14 0.96
PTB-123 4.0 6 0.1 13.0 6 1 70 6 8 46 6 6 42 1.02 1.25 1.21
PTB-234 3.3 6 0.1 11.5 6 1 70 6 6 38 6 6 43 1.04 1.45 1.38
PTB-12 2.9 6 0.1 10.5 6 1 45 6 5 24 6 4 29 1.00 1.63 1.58
PTB-23 3.2 6 0.1 10.5 6 1 50 6 5 31 6 4 32 0.95 1.63 1.52
PTB-34 2.0 6 0.1 6.5 6 0.5 35 6 4 22 6 3 24 1.07 1.13 1.26
Average discrepancy 1.04 1.36 1.30
Rg,Dmax, Vp, andMMexp are, respectively, the radius of gyration, maximum size, excluded volume, and molecular mass calculated from the scat-
tering data. MMmon is the theoretical MM of monomeric constructs computed from the primary sequence. cS, cRB, and cNMR are discrepancies
between the experimental data and computed scattering curves from the ab initio model and typical rigid-body models constructed without and
with using NMR model of PTB-34, respectively.program MONSA (Svergun, 1999). This program de-
scribes the model byanassemblyofbeads insidea spher-
ical search volume with the diameter equal to that of the
full-length protein. Simulated annealing is employed to
find which bead belongs to which domain (phase) by
simultaneous fittingofsix scattering curves (all constructs
except the full-length PTB). The four domains with
adjacent linkers as indicated in Figure 2 were considered
to be distinct phases (for details see Experimental Proce-
dures). Several independent runs yielded reproducible
results in which experimental scattering profiles were
neatly fitted (Table 1). A typical model presented in Fig-
ure 3 (left column) demonstrates that PTB adopts an elon-
gated conformation in solution with a zig-zag domain
arrangement. The overall appearance of the model agrees
well with the shape of the full-length PTB reported by
Simpson et al. (2004). In the present model, domains
3 and 4 are in close contact whereas domains 1 and 2
are well separated from each other and from the PTB-34
moiety.
Molecular Modeling
In a separate approach, the rigid-bodymodeling program
BUNCH (Petoukhov and Svergun, 2005) was employed to
find the positions and orientations of all four RRM do-
mains represented as independent rigid bodies. Interdo-
main linkers were represented by flexible DR chains, and
a minimization procedure was employed to generate
configurations simultaneously fitting all available scatter-
ing profiles. Multiple BUNCH runs starting from random
initial configurations yielded a similar overall spatial orga-
nization of the domains, with all reconstructions provid-
ing good fits to all data sets (Figure 1A). These recon-
structions were aligned with the program SUPCONB
(Kozin and Svergun, 2001), which also provides a dissim-
ilarity measure between two models represented by en-
sembles of points called normalized spatial discrepancy
(NSD; typically, NSD values of about unity indicate good
agreement; see Experimental Procedures). Twenty re-
constructions were pairwise compared, and the most
typical model was selected, which showed the smallest
average NSD with respect to the other models. The
most typical model is presented in Figure 3, and the cor-
responding c values are summarized in Table 1. This
model is not only compatible with the overall appearance
of reconstruction from MONSA (NSD = 1.3), but also the
shapes and positions of individual domains agree well
with those in the ab initio model. The third and fourthRRM domains display a tight contact, whereas the other
interdomain contacts are rather weak.
Multiple runs of BUNCH yielded reproducible posi-
tions for the individual domains, although their orienta-
tions and linker configurations varied from model to
model. The average NSD between the different models
computed over Ca atoms of the domains was 1.24, indi-
cating a good agreement in the overall structure (al-
though different orientations of the domains lead to
a high average root-mean-square deviation of about
1.7 nm). To illustrate the structural variability in the recon-
structed models, the domain arrangement in the rigid-
body model that deviates most from the typical one
(with NSD = 1.5) is presented in Figure 3 (for clarity, the
linkers are omitted). It can be seen that this model is com-
patible with the ab initio MONSA solution, and the do-
mains retain their positions relative to the most typical
model. At the same time, the domain orientations are dif-
ferent from those of the most typical model, although
RRMs 3 and 4 retain their close contact.
The close proximity of RRMs 3 and 4 is in agreement
with the recently reported NMR structure for PTB-34, in
which a specific domain-domain interaction was de-
tected (Oberstrass et al., 2005; Vitali et al., 2005). To fur-
ther constrain the fit of the rigid-body model to the SAXS
data, this new structure of the PTB-34 construct (Ober-
strass et al., 2005) was used. The scattering computed
from the PTB-34 model displays some deviations from
the experimental SAXS pattern from this construct (c =
1.89, data not shown). In part, these deviations may be
attributed to the influence of the 20 N-terminal residues
that are missing in the NMR structure of PTB-34 but in-
cluded in the SAXS samples. If the inter-domain linker
between RRMs 3 and 4 is also permitted to be flexible,
there is a further improvement in the fit to the SAXS
data from the PTB-34 construct (c = 1.26). Assuming
that the PTB-34 construct used in the SAXS experiments
retains the relative positions of domains 3 and 4 as in the
NMR model (Oberstrass et al., 2005), the two domains
were moved as one single body and the conformations
of the other domains and linkers were reconstructed
with BUNCH against multiple curves as described
above. Two typical models derived from this process
are shown in Figure 3 (two right columns) and display
similar overall architecture as the models obtained with-
out fixing the third and fourth domains. They also yield
good fits to the experimental SAXS data as seen from
the discrepancies listed in Table 1.
Structure
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In the present paper, seven SAXS patterns from the full-
lengthprotein anddeletionmutants wereanalyzed toyield
a model of the spatial organization of the domains in PTB.
This is, to our knowledge, the largest set of complemen-
tary X-ray scattering curves simultaneously interpreted
in terms of the structural model of a single protein. All
PTB constructs, independently of the number of constitu-
ent RRM domains, were found to be monomeric in solu-
tion. This further confirms recent findings that PTB is mo-
nomeric when free in solution (Amir-Ahmady et al., 2005;
Monie et al., 2005; Simpson et al., 2004), although multi-
merization of the protein may still occur on binding RNA.
We have used here two different approaches to ana-
lyze the PTB structure based on multiple scattering
patterns from different constructs. The results of fully
ab initio analysis of the domain organization of PTB
yielded the same low-resolution spatial arrangement of
domains as the analysis in terms of available high-reso-
lution structures of domains with added interdomain
linkers. Keeping in mind possible ambiguity of the inter-
pretation of SAXS data in terms of three-dimensional
models, extensive validation of the results was per-
formed by the analysis of repetitive runs of the recon-
struction algorithms and by comparison of different
modeling techniques (ab initio and rigid body). The re-
sults were found to be reproducible, and, moreover,
the simultaneous fitting of the scattering patterns from
different constructs provide strong constraints on the
positions of the domains. In particular, the possibility of
swapping the sequence of domains in the model (e.g.,
into a 2-1-34 sequence) can be excluded, as this ar-
rangement, although compatible with the full-length
data, would not fit the scattering profiles from partial
constructs like PTB-23 and PTB-234.
The above analysis assumes that the relative positions
of domains in deletion mutants are similar to those in the
full-length protein. One would expect that this assump-
tion holds for the tightly packed domains 3 and 4,
whereas for the rather loosely positioned domains 1
and 2, changes in mutual orientation and/or in the con-
formation of linkers cannot be completely excluded.
However, it should be noted that the very fact that the
Figure 2. Separation of PTB Sequence into Domains and Linkers
Top, MONSA phases (the sequence lacks the N terminus). Red,
green, magenta, and orange colors correspond to RRM1 to RRM4,
respectively. Bottom, high-resolution domains and DR linkers as
used in BUNCH. The domain color coding as above; the linkers are
in blue. PTB-full, -1234, -123, -234, -12, -23, and -34 constructs cor-
respond to the portions in the sequence between markers A-K, B-K,
B-I, D-K, B-G, D-I, and G-K, respectively.seven independently collected scattering patterns could
be fitted simultaneously points to consistency of these
data sets. In particular, such a fit would have been im-
possible if some of the constructs were dimeric, but
the observed consistency also indicates that the domain
configurations in the deletion mutants are at least similar
to those in the full-length protein. The ambiguity in the
orientation of the domains for multiple BUNCH solutions
may be in part attributed to variation in the conformation
of different constructs. However, the orientational ambi-
guity and variability of the conformation of the linkers is
to a large extent a consequence of the low resolution of
the SAXS data. When using rigid-body analysis, the
method allows one to reliably recover relative positions,
but if the individual domains are globular (which is the
case for the RRMs), SAXS is less sensitive to their orien-
tations. Additional information (e.g., from orientational
restraints from NMR residual dipolar coupling and relax-
ation measurements on full-length PTB) would be re-
quired to further refine the present model.
In the model of PTB displayed in Figure 3, the domains
(apart from tightly bound RRM3 and RRM4) have a signif-
icant conformational freedom, which prompts a question
as to whether the PTB structure may be flexible in solu-
tion. The flexibility can be assessed by the analysis of
the excluded volume Vp of the particle. As suggested
by Heller (2005), for proteins adopting different confor-
mational states in solution, SAXS-derived excluded vol-
ume would exceed the value expected from the MM.
We performed model calculations with simulated data
sets obtained by averaging of the scattering patterns
from randomly generated models of PTB without steric
overlaps and native-like linkers. The excluded volume
calculated from the curve of the most typical model was
systematically about 15% smaller than the values com-
puted for the averaged ensembles of ten randomly
generated models, i.e., flexibility did lead to an increase
in Vp for PTB models. Although a more extended analysis
Figure 3. Ab Initio and Rigid-Body Models of PTB
First column (from left to right), ab initio four-phase shape of PTB
reconstructed by MONSA. Second column, the most typical rigid-
body model built by BUNCH without additional information on
mutual domain arrangement. Third column, distinct domain orienta-
tions obtained in independent BUNCH run most different from the
typical model. Fourth and fifths columns, rigid-body models con-
structed with fixation of the last two domains as in the available
NMR model of PTB-34 yielding the best overall fit and the best match
to MONSA solution, respectively. Domain colors correspond to
those in Figure 2; DR linkers are shown in blue. Bottom view is
rotated by 90º about horizontal axis.
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results of Heller (2005) to a general case, the apparent ex-
cluded volume is indeed a sensitive criterion to assess
the rigidity of PTB, where flexible linkers play a significant
role. According to Table 1, the volumes of all constructs
are in line with the MM values (see Experimental Proce-
dures), which suggests relatively little conformational
flexibility of PTB in solution. This finding may reflect
some structuring of the RRM1-RRM2 and RRM2-RRM3
polypeptide linkers. Fully extended, these linkers would
be predicted to be 11.2 and 16.1 nm in length, respec-
tively. However, in both cases, the average separation
between domains is only around 4.5 nm. The evident con-
traction may well be due to the formation—albeit tran-
siently—of secondary and tertiary structure elements.
The compact arrangement of domains 3 and 4 for the
NMR-derived PTB-34 structure (Oberstrass et al., 2005;
Vitali et al., 2005) agrees with the experimental SAXS
data from this construct upon the addition of missing
linkers. Inclusion of the compact PTB-34 structure (Ober-
strass et al., 2005) in the SAXS data analysis yielded
models of full-length PTB similar to those obtained
when all the RRMs were freely movable. Interestingly, al-
though the fixation of the domains restrained the model, it
Figure 4. Hypothetical Model of the Interaction of RNA with PTB
The coordinates for the RRM domains complexed with the hexame-
ric CUCUCU RNA oligomers (PDB ID 2ad9, 2adb, and 2adc [Ober-
strass et al., 2005]) were superposed on a typical model obtained
from a BUNCH run to fit the SAXS data (Figure 3). The conformation
of the RNA oligomer bound to each domain is indicated by a blue
tube. Dashed lines indicate a possible connectivity between these
bound motifs.was possible to obtain a better overall fit to the experi-
mental data compared to the model with freely moving
RRMs 3 and 4. Although the improvement ofc is marginal
(Table 1) and can on its own not serve as unambiguous
validation of the NMR-derived PTB-34 structure, our
results clearly show that the model of (Oberstrass et al.,
2005) is fully compatible with the SAXS data from the
full-length protein and from the deletion mutants.
The elongated structure of PTB, with an essentially lin-
ear distribution of RRMs, is compatible with the pro-
posed role of the protein in bridging RNA sequence mo-
tifs in intron and IRES sequences that may be well
separated in the primary sequence. Given that all four
RRM domains can bind RNA (Oberstrass et al., 2005;
Simpson et al., 2004), our model suggests that different
RRMs within the same PTB monomer may bind to dis-
tinct motifs in the RNA target. One possible mode of in-
teraction of PTB with an extended RNA molecule is
shown in Figure 4. This type of model helps to explain
the possible roles of PTB in the regulation of alternative
splicing and translation initiation. For example, by bind-
ing to elements upstream and downstream of regulated
exons, PTB may cause the exon to be looped out and
thereby blocked from participating in spliceosome as-
sembly, leading to exclusion of the exon from the mature
mRNA (Chou et al., 2000; Oberstrass et al., 2005; Wagner
and Garcia-Blanco, 2001). Alternatively, a single PTB
molecule may bind to separate RNA sequences within
IRES RNA, thereby stabilizing the active conformer and
promoting cap-independent translation initiation (Kolu-
paeva et al., 1996; Pilipenko et al., 2001). The challenge
for future work will be to examine the structures of PTB
complexes with large RNA targets—and with protein
cofactors—so that models of its mode of action may
be developed in greater detail.
Experimental Procedures
Small-Angle X-Ray Scattering
Synchrotron radiation X-ray scattering data were collected on the X33
camera (Boulin et al., 1988; Koch and Bordas, 1983) at the European
Molecular Biology Laboratory (EMBL) on the storage ring DORIS III of
the Deutsches Elektronen Synchrotron (DESY) by using multiwire
proportional chambers with delay line readout (Gabriel and Dauvergne,
1982). Scattering patterns of the full-length PTB and its deletion mu-
tants were measured for at least three solute concentrations of each
construct ranging from 1 to 30 mg/ml at a sample-to-detector distance
of 2.4 m covering the range of momentum transfer 0.15 < s < 3.5 nm21.
To check for radiation damage during the scattering experiments,
the data were collected in 15 successive 1 min frames. The individual
frames were averaged after normalization to the intensity of the inci-
dent beam, corrected for the detector response, and the scattering of
the buffer was subtracted. The difference curves were scaled for the
solute concentration and extrapolated to infinite dilution. All
data manipulations were performed by standard procedures by the
program package PRIMUS (Konarev et al., 2003).
The forward scattering I(0) and the radius of gyrationRg were eval-
uated with the Guinier approximation (Guinier, 1939) assuming that at
very small angles (s < 1.3/Rg) the intensity is represented as I(s) = I(0)
exp(2(sRg)
2/3). These parameters were also computed from the en-
tire scattering patterns with the indirect transform package GNOM
(Svergun, 1992), which provides maximum particle dimensions
Dmax and the distance distribution functions p(r).
The molecular masses (MMs) of the solutes were estimated from
SAXS data by comparison of the forward scattering with that from
reference solutions of bovine serum albumin. The accuracy of this
procedure is limited, in particular, by the uncertainty in the measured
protein concentrations required for the data normalization. To further
Structure
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umes were analyzed, taking advantage of the fact that the Porod vol-
ume does not depend on the normalization (Porod, 1982):
Vp = 2p
2Ið0Þ= RN
0
s2IðsÞds (1)
To compute the excluded volume of the hydrated particle, an ap-
propriate constant was subtracted from each data point to force the
s24 decay of the intensity at higher angles following the Porod’s law
(Porod, 1982) for homogeneous particles. This procedure yields
a ‘‘shape-scattering’’ curve corrected for the unwanted scattering
contribution from the internal structure. For globular proteins, Porod
(i.e., hydrated) volumes in nm3 are about twice the MMs in kDa.
Ab Initio Shape Determination
Low resolution shape analysis of PTB was done with a multiphase
version MONSA of the ab initio program DAMMIN (Svergun, 1999).
The program represents the particle as a collection of M > > 1 densely
packed beads inside a sphere with the diameter Dmax. To describe
the domain structure of PTB, each bead can be assigned either to
the solvent (index = 0) or to one of the RRMs (index = 1, 2, 3, or 4, cor-
responding to the ordinal number of the RRM). The particle is there-
fore represented at low resolution by four ‘‘phases’’ (RRMs), and the
structure is described by a string of length M containing the phase
index for each bead (0 = solvent or 1, 2, 3, of 4 for any of the
RRMs). Starting from a random string, simulated annealing (SA) is
employed to search for a model composed by interconnected com-
pact phases, which simultaneously fits multiple shape-scattering
curves from the constructs Ik(s) to minimize overall discrepancy:
c2 =
X
k
1
Nk 2 1
X
j

IkðsjÞ2ckIcalck ðsjÞ
skðsjÞ
2
(2)
where the index k runs over the scattering curves, Nk are the num-
bers of experimental points, ck are scaling factors, and Icalc(s) and
s(sj) are the intensities calculated from the subsets of the beads be-
longing to the appropriate phases and the experimental errors at the
momentum transfer sj, respectively.
The ab initio procedure was applied to simultaneously fit six scat-
tering curves (all scattering patterns except from the full-length pro-
tein containing the N-terminal nuclear localization signal). To esti-
mate the expected volume fractions of the four RRM phases, the
sequence of PTB-1234 was divided into the four phases as shown
in Figure 2, each phase containing one RRM flanked by the portions
of adjacent linkers. The separation yielded volume fractions of 0.2,
0.35, 0.25, and 0.2 for the phases 1 to 4, respectively, and these frac-
tions were used as further restrains in the SA procedure. In several
independent reconstructions, deviations between the scaling fac-
tors ck for each individual curve were not more than 5% from run to
run (this stability was also observed in the rigid-body analysis de-
scribed in the next section).
Molecular Modeling
Molecular modeling was done with the available atomic models of
the individual RRM domains (Conte et al., 2000; Oberstrass et al.,
2005; Simpson et al., 2004). The program BUNCH (Petoukhov and
Svergun, 2005) was employed to model the domain structure of
PTB by simultaneously fitting multiple data sets from deletion mu-
tants and from the full-length protein. The program combines rigid-
body and ab initio modeling of proteins consisting of domains (for
which high-resolution models are available) linked by flexible loops
of unknown structure. An SA protocol is employed to find the optimal
positions and orientations of the domains moved as rigid bodies and
probable conformations of the flexible linkers attached to the appro-
priate terminal residues of domains. These linkers are represented as
interconnected chains of dummy residues (DRs) (Petoukhov et al.,
2002), where protein fragments are substituted by a flexible chain
of residues separated by 0.38 nm. The X-ray scattering intensity
from the entire model is expressed as:
IðsÞ = 2p2
XN
l = 0
Xl
m= 2 l

X
k
AðkÞlmðsÞ +
X
i
DðiÞlmðsÞ

2
(3)Here, A(k)lm(s) are the partial scattering amplitudes of the rigid do-
mains calculated from their atomic coordinates with the program
CRYSOL (Svergun et al., 1995). The partial scattering amplitudes of
the linkers D(i)lm(s) are computed from the positions of the DRs with
the form factor equal to that of an average residue in water (Petou-
khov et al., 2002; Svergun et al., 2001). Starting from an arbitrary con-
figuration of domains and linkers, the program performs random
modifications of the model maintaining the structures of the domains
and connectivity of the linkers. Multiple data sets including those
from deletion mutants can be fitted simultaneously, assuming the
same arrangement of subunits in the substructures and in the full-
length protein. The scattering curves of the deletion mutants are
computed from the appropriate subsets of domains and DRs taken
from the entire assembly. The correspondence between the portions
of PTB sequence and the scattering curves from the constructs used
in BUNCH is given in Figure 2.
The results of multiple BUNCH runs were averaged to determine
common structural features with the programs DAMAVER (Volkov
and Svergun, 2003) and SUPCOMB (Kozin and Svergun, 2001). The
latter program aligns two arbitrary low- or high-resolution models
represented by ensembles of points by minimizing a dissimilarity
measure called normalized spatial discrepancy (NSD). For every
point (bead or atom) in the first model, the minimum value among
the distances between this point and all points in the second model
is found, and the same is done for the points in the second model.
These distances are added and normalized against the average dis-
tances between the neighboring points for the two models. Gener-
ally, NSD values close to unity indicate that the two models are sim-
ilar. The program DAMAVER generates the average model of the set
of superimposed structures and also specifies the most typical
model (i.e., that having the lowest average NSD with all the other
models of the set).
Protein Production
Proteins were expressed and purified as previously described (Conte
et al., 2000; Simpson et al., 2004). In brief, all constructs were ex-
pressed in E. coli strain SG13009 and purified to homogeneity with
TALON resin (Clontech) and size exclusion chromatography on
a Superdex 200 HR 10/30 column. The data collection buffer was
25 mM Tris (or HEPES) (pH 7.2), 100 mM NaCl, and 5 mM DTT. All
constructs possess an N-terminal MRGSHHHHHHGS tag prior to
the protein sequence.
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